ABSTRACT The use of the sterile insect technique relies on the release of sterilized mass-reared male insects which, before Þeld releases, endure several unnatural treatments. In the case of Anopheles arabiensis (Patton) sterile insect technique program in Sudan, the genetic background of the original strain was Þrst changed to create a genetic sexing strain that is based on a dieldrin-resistant mutation. Secondly, the eggs of the genetic sexing strain require treatment with dieldrin to allow complete elimination of female L1 larvae to enable the release of males only. Finally, male mosquitoes receive an irradiation dose of 70 Gy as pupae for sterilization. The effects of these treatments on sperm production were tested separately and in combination. Irradiation alone signiÞcantly decreased the initial sperm number and prevented new sperm production. However, the dieldrin treatment, aimed at eliminating females, appears to have an unexpected radioprotectant effect.
The sterile insect technique (SIT) is a species-speciÞc and environmentally friendly method for insect pest control consisting of the release of large numbers of sterile insects (Knipling 1955) . Mass-reared males exposed to ionizing radiation before release transfer their sterile sperm to wild females during mating, causing reduction in the fertility of the females of the target population resulting in a progressive pest population decline. The Government of Sudan is embarking on a feasibility study to assess the potential use of the SIT as part of an area-wideÐintegrated pest management (AWÐIPM) approach to control Anopheles arabiensis Patton. A rearing facility has been designed that should produce one million sterile male An. arabiensis per day (Robinson et al. 2009 ). The SIT is most effective when the sterilized males are able to compete effectively with wild males for wild females. Therefore, the development of successful control programs requires robust studies on the reproductive traits (such as male mating ability, reproductive success and sperm transfer) of irradiated males compared with nonirradiated males (Opiyo 2001 , Bakri et al. 2005 , Calkins and Parker 2005 , Kumano et al. 2008 .
Before Þeld releases, mass-reared males have to endure several unnatural treatments. First, the genetic background of the original Dongola strain (colonized in 2004 from specimens collected near Dongola, Northern State, Sudan) has been changed to create a genetic sexing strain (Ano IPCL1) that is based on a dieldrin-resistance mutation (Yamada et al. 2012) .
Ano IPCL1 has been reared in the lab ever since and used for the rearing and the production of sterile males. To produce sterile males, Ano IPCL1 eggs have to be treated with dieldrin to allow 99.6% elimination of female L1 larvae to enable the high production of males needed with a signiÞcant reduction in cost, and space and labor requirements by only rearing males (Yamada et al. 2012) . Finally, male mosquitoes receive an optimal irradiation dose of 70 Gy as pupae for sterilization (Helinski et al. 2006) . Little information is available on the effects of the genetic modiÞcation, or the dieldrin and irradiation treatments on the reproductive traits of genetic sexing strain (GSS) males .
The aim of this article is to determine the effect of the genetic modiÞcation required to create the sexing strain, dieldrin treatment, and 70 Gy irradiation on sperm production by male mosquitoes. Finally, because the males released in any future AWÐIPM with SIT component will be a dieldrin-treated and irradiated GSS males, the effect of all the treatments combined on sperm production is also reported.
Materials and Methods
Insect Rearing. An. arabiensis (Dongola and Ano IPCL1) was cultured at the Insect Pest Control Laboratory (IPCL, Joint FAO/IAEA division, Seibersdorf, Austria) following the anopheline rearing procedure described in Balestrino et al. (2010) , except that a mixed diet of 1:1: one Bovine Liver Powder: Tuna Meal: Vanderzant Vitamin mix (by weight) (Damiens et al. 2012 ) was used instead of powdered koi food.
Irradiation Procedure. Twenty four hour old pupae were irradiated with 70 Gy (dose rate: 0.183 Gy/s) in a Rad Source RS 2400 X-ray irradiator (Rad Source Technologies Inc., Suwanee, GA) (Mehta and Parker 2011) . Unirradiated pupae were not subjected to any mock treatment.
Initial Sperm Number and Sperm Production. Five types of males (Dongola males, Ano IPCL1 males, 70 Gy-irradiated Ano IPCL1 males, dieldrin-treated Ano IPCL1 males, and dieldrin-treated/70 Gy-irradiated Ano IPCL1 males) aged 2 and 6 d were tested. The 2 d old males were selected to assess the initial sperm number available when the male becomes sexually mature and the 6 d old males were selected to assess subsequent sperm production. Males were not allowed to mate before analysis.
Males were dissected in a saline solution (PBS [phosphate buffered saline], 137 mM NaCl, 2.7 mM KCl, 10 mM Sodium Phosphate dibasic, 2 mM Potassium Phosphate monobasic, pH ϭ 7.4) and both testes were opened in a drop of 20 l of a PBS solution placed on a coverslip. They were carefully ruptured and the suspension of sperm homogenized using forceps. The 20 l drop of sperm suspension was put in an Eppendorf containing 240 l of a PBS solution. The cover slip was then rinsed with 40 l of a PBS solution. The Þnal sperm suspension (300 l) was homogenized by drawing the suspension 10 times through a micropipette. Three 10 l-drops of the homogenized suspension were deposited on a clean microscopic slide. The slides were then dried at room temperature before Þxation in ethanol (70%), dried again and stained for 10 min in a solution of DAPI (4Ј,6-diamidino-2-phenylindole dihydrochloride, 2 g/ml). The numbers of sperm present on the slide and remaining on the coverslip were counted under X-200 magniÞcation using a ßuorescence microscope (Olympus BX41, Center Valley, PA) and the number of mature sperm present in testes were then estimated (mean of the three 10 l-drops*30ϩnumber of sperm remaining on the coverslip).
Results
Both irradiation and dieldrin treatment, alone or together, had a signiÞcant effect on the number of sperm present in the testes of 2 and 6 d old males (analysis of variance [ANOVA], F 4,70 ϭ 9.60, P Ͻ 0.001, F 4,70 ϭ 30.88, P Ͻ 0.001, respectively; Table 1 ). According to posttest Tukey HDS, the initial sperm number in young males (2 d old) did not differ between Dongola and Ano IPCL1 strains whereas irradiation treatment alone, dieldrin treatment alone, and combined treatments all signiÞcantly reduced the initial sperm number. In all males, except 70 Gy-irradiated Ano IPCL1 males, further sperm production was seen to have occurred, because the number of sperm present in testes of 6 d old males was signiÞcantly higher than in 2 d old males (t-tests in Table 1 ). The sperm numbers in 6 d old dieldrin-treated Ano IPCL1 males and 6 d old dieldrin-treated/70 Gy-irradiated Ano IPCL1 males were not signiÞcantly different from the sperm number present in Dongola males (posttest Tukey HDS; Table 1 ). The number of sperm present in the 6 d old 70 Gy-irradiated males was signiÞcantly different from all the other treatments.
Discussion
Our study conÞrmed that the amount of sperm in the testes of untreated male An. arabiensis Dongola strain increased with age (Helinski and Knols 2009) . Another study demonstrated the same phenomenon in Aedes aegypti L. (Ponlawat and Harrington 2007) . Continuous sperm production during the adult stage enables male mosquitoes to ensure female insemination during several swarming events over their lifespan. The Ano IPCL1 strain had similar sperm production suggesting that this speciÞc gene-translocation did not modify this reproductive parameter of the male mosquito. In contrast, irradiation alone signiÞ-cantly decreased the initial sperm number as compared with Dongola and unirradiated Ano IPCL1 males and even led to a loss of sperm over time instead of new production as observed by Helinski and Knols (2009) in the Dongola strain.
Dieldrin-treated/irradiated males showed higher sperm production at day 6 than males who were only irradiated. This would suggest that the dieldrin treatment, aimed at eliminating females, might also have an unexpected radioprotectant effect on the An. arabiensis germinal cells. This could be because of an enhancement of the radiation protection mechanisms in the cells following the induction of physiological stress by dieldrin treatment as suggested by Varanda and Tavares (1998) who used bee venom, another radio-protector, on mice. Few efÞcient radio protectors have been found in mosquitoes. Dimethyl sulfoxide (DMSO) provided to adult Anopheles atroparvus Van Thiel before irradiation with X-rays decreased the induction of dominant lethal mutations but reduced their life span (Lecis and Orru 1974) . If such a radio protectant effect of dieldrin is conÞrmed, this could be very useful for a control program integrating the release of sterile males allowing the production of sterile males with an adequate sperm complement to mate successfully multiple times in their lifetime. However, the production of new sperm has to be studied to assess whether fertility recovery occurs. Recovery of fertility is usually not observed in mosquitoes after irradiation (Patterson et al. 1975 ) but nothing is known about the effects of radioprotectors on fertility. Moreover, with respect to SIT, the effect of lower quantities of the initial sperm complement of sterile males on mating ability, as measured by the amount of sperm transferred per female and the number of females inseminated, must also be assessed.
